Design of two-phase alloys consisting of niobium solid solution (A2) and -Nb 5 Si 3 (D8 l ) phases in the Nb-Ti-Si ternary system is pursued for ultra-high temperature structural applications. Compositional and annealing conditions are determined for the formation of A2/D8 l lamellar microstructure via eutectoid decomposition of Nb 3 Si (tP32) phase in the Nb-Si binary and Nb-Ti-Si ternary system. Addition of titanium is found to result in increased room temperature toughness, but decreased high temperature strength. Enhancement of mechanical properties is achieved by applying the directional solidification technique. Mechanical properties of the alloys are discussed from microstructural point of view.
Introduction
From the standpoint of energy conservation and environmental protection, it is required to develop new materials with superior potential for ultra-high temperature applications to any present commercial alloys. To reach service temperatures of up to 1773 K, candidate materials should be based on refractory metals such as Nb, Mo, W and Ta, as they have melting points over 2700 K. However, the alloys based on such refractory metals have one major drawback: extremely poor oxidation resistance at elevated temperatures. 1, 2) Recently, refractory metal aluminides and silicides have attracted substantial interest, since they exhibit better stiffness, density, high temperature strength and oxidation resistance than the major constituents alone. Many refractory metal aluminides and silicides in monolithic form, however, exhibit extremely low damage tolerance at room temperature. It is therefore crucial to improve room temperature toughness through alloy design involving an introduction of ductile phase into the microstructure, which is called ductile phase toughening. [3] [4] [5] One alloy system of particular interest is the binary Nb-Si, in which the two-phase of niobium solid solution (A2) and -Nb 5 Si 3 (D8 l ) is stable up to 2043 K, as shown in Fig. 1 . 6) The A2/D8 l two-phase microstructure can be obtained through the eutectoid reaction of high temperature phase Nb 3 Si (tP32). There are several reports on A2/tP32 eutectic composition as 17.5 at%Si, 7, 8) 18.2 at%Si 9) and 18.7 at%Si. 6) Previous studies have demonstrated that the A2/D8 l twophase alloys in the Nb-Si binary system exhibit moderate toughness at ambient temperature and reasonable strength at elevated temperature. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] However the binary A2/D8 l twophase alloys with Nb-rich composition show insufficient oxidation resistance for practical use, 27) and therefore, the studies gradually evolve into multi-component systems by which balance is pursued between mechanical properties and environmental resistance. Much effort has been made to clarify the effect of alloying elements with the Nb-Si binary alloy system upon the mechanical properties and oxidation resistance. For example, addition of Al or Cr leads to improved oxidation resistance but also to increased DBTT of ductile phases, [27] [28] [29] [30] addition of Mo or W enhances high temperature compressive strength but lowers room temperature toughness, 31, 32) and Ti addition improves both room temperature toughness and oxidation resistance. 2, 28, 29) The recent development in the Nb-silicide based composites is reviewed in the several papers. [33] [34] [35] [36] [37] [38] Extensive studies have been made on the Nb-silicide based Fig. 1 The Nb-Si binary phase diagram. 6) alloys, however, only a few studies have been made with emphasis on controlling the A2/D8 l lamellar microstructure formed by the eutectoid reaction of tP32 phase 23, 39, 40) Microstructural control to form alternating layers of ductile/brittle phases is one option for enhancing room temperature toughness of the alloys. 14, 15, 20, 25, 41, 42) The major interest of the present study is in microstructural control through eutectoid reaction of tP32 phase. This basic strategy extends to the Nb-Ti-Si ternary system, in which improvement in room temperature toughness and oxidation resistance can be expected. The change in phase equilibria by Ti addition, especially on the stability of tP32 phase, is systematically investigated. To take advantage of ductile-phase-toughening in this alloy system, the morphology and dispersion of ductile A2 phase, as well as the A2/D8 l lamellae, must be carefully controlled. The alloy microstructure can be engineered by modification of the solidification conditions. Hence, directional solidification, using an optical floating zone furnace, is also attempted in the present study. The effect of Ti addition on mechanical properties is discussed from chemical and microstructural points of view.
Experimental Procedures
Alloys were prepared by arc-melting using high purity raw materials (Nb, Ti > 99:5%, Si > 99:9%) under an argon atmosphere. The base compositions were the binary eutectic 6) Nb-18.7 at%Si, as well as the hypereutectic Nb-20 at%Si and Nb-25 at%Si, to which Ti addition was made up to 40 at% assuming that Ti substitutes for Nb sites. Hereafter all the compositions are denoted by atomic percent. Directional solidification was conducted on a Nb-10Ti-17.5Si alloy using an optical floating zone (OFZ) furnace in a flowing Ar gas atmosphere. Feed materials, having the dimensions of 11 mm in diameter and 70 mm in length, were preliminary prepared by arc-melting. The applied growth rates were 10 and 100 mm/h, and the amount of floating liquid was kept constant during directional solidification.
For the evaluation of the phase equilibria, the as-arcmelted alloys were annealed at temperatures between 1373 and 1773 K for 100 to 500 h under an argon astrosphere. The solution treatments were performed on the binary arc-melted alloys at 2073 K for 24 h under vacuum, and on the ternary arc-melted alloys at 2023 K for 100 h under an argon atmosphere. After the solution treatment, the alloys were subsequently annealed at 1673 K for 100 h to decompose the high-temperature phase tP32 (Nb 3 Si) into the A2 and D8 l phases. The directionally solidified alloys were also annealed at 1673 K for 500 h for the decomposition of tP32 phase.
Microstructures of the alloys were examined by a scanning electron microscope. For the microstructural observations on the directionally solidified alloys, the alloys were sectioned both longitudinally and transversely against the growth direction. Phase identification and quantitative chemical composition analyses were done by an X-ray diffractometry and electron prove microanalysis (EPMA).
Mechanical properties of the alloys were evaluated by fracture toughness measurements, compression tests and Micro-Vickers hardness measurements. Fracture toughness was evaluated by four-point bending tests using chevronnotched specimens and analytical calculation using the Bluhm's slice model. 43) The dimensions of bending test specimen were 5 Â 5 Â 30 mm 3 , and the chevron notch was introduced by electro-discharge machining to set up the initial ligament length being 0.8 against the width of the bending bar. The tests were carried out using an Instron type testing machine with the outer and inner spans being 21 and 7 mm, respectively, under the cross-head speed of 8:3 Â 10 À7 m/s. Compression tests were performed on rectangular specimen, with dimensions of 2 Â 2 Â 5 mm 3 , at temperatures up to 1673 K. The tests were conducted with a nominal strain rate of 1:0 Â 10 À4 s À1 in air at R.T., and under vacuum (10 À2 Pa) at elevated temperatures.
Results and Discussions

Phase equilibria
One of the major interests of the present study is the microstructure control through the eutectoid decomposition of Nb 3 Si phase (tP32) into the Nb solid solution (A2) and Nb 5 Si 3 (D8 l ) phases. In the Ti-Si binary system there exists the Ti 3 Si phase which has the same ordered crystal structure as Nb 3 Si, and is stable below 1443 K.
6) Bewlay et al. have suggested that a continuous tP32 solid solution forms in the Nb-Ti-Si ternary system between Nb 3 Si and Ti 3 Si phases. 28) In the present study the alloys with (Nb+Ti) rich composition in the Nb-Ti-Si ternary system are annealed at various temperatures for the evaluation of the phase regions regarding A2, tP32 and D8 l phases. Based upon the XRD and EPMA conducted on annealed alloys, the isotherm at 1673 K for the Nb-corner in the Nb-Ti-Si phase diagram has been constructed as shown in Fig. 2 . The isotherm determined in the present study is in good agreement with that reported by Bewlay et al., 44, 45) while the A2/tP32/D8 l three-phase region is slightly narrower than the reported one. In the present study, EPMA has carefully been performed on the selective regions where all the constituent phases coexist within relatively close distance, considering the adequate interphase diffusion among them during annealing. However, the annealing condition, at 1673 K for 100 h, is not exactly sufficient for attain the phase equilibrium in this alloy system. It is partly judged from the fact that some nominal compositions are off their tie-lines or tie-triangles as shown in Fig. 2 , although chemical compositions must be situated on the tie-lies or within the tie-triangles. Additionally, the segregation of Ti has been observed in the tP32 phase of the annealed alloys, and it is more remarkable in the alloys with higher Ti content. The sluggish diffusion in the silicide phases seems to be the rate controlling factor of the atomic diffusion in the whole system to reach the equilibrium state, particularly in the heterogeneous multi-phase microstructures. Further XRD and microstructural analyses were performed to reveal the change in the phase stability of tP32 in the NbTi-Si ternary system. The vertical section at the constant 25 at%Si, along the line from Nb 3 Si to Ti 3 Si, is determined as drawn in Fig. 3 . The boundary between the tP32 single-phase region and the A2/tP32/D8 l three-phase region, indicated by broken line, is predicted from the results of EPMA. It is found that Ti is a quite powerful tP32 phase stabilizer; for instance, the tP32 phase is stable at temperatures lower than 1400 K at about more than 20 at% Ti. Thereby, Ti addition to the binary alloys should be limited to 10 at%, otherwise, the eutectoid decomposition of tP32 is not utilized for the formation of A2/ D8 l lamellar microstructure.
Microstructures of arc-cast alloys
According to the Nb-Si binary phase diagram shown in Fig. 1,  6 ) the A2/D8 l two phase microstructure is formed by the eutectic reaction of A2 and tP32 and the subsequent eutectoid reaction of tP32 decomposing into A2/D8 l . When an alloy composition is hyper-eutectic, the peritectic reaction of 'L þ D8 m ! tP32' occurs prior to the eutectic reaction, where the high-temperature phase -Nb 5 Si 3 (D8 m ) transforms to the low-temperature phase, D8 l , at 2213 K in the NbSi binary system. The binary eutectic Nb-18.7Si alloy exhibits a cellular eutectic microstructure, in which rodshaped A2 phase grains are embedded in the tP32 matrix, as shown in Fig. 4 . The primary solidification phase in the hyper-eutectic Nb-20Si alloy is dendritic D8 m phase, and tP32 phase is formed surrounding the primary phase by the peritectic reaction, which is followed by the formation of A2/ tP32 eutectic microstructure as the final solidification product. The primary solidification phase in the Nb-25Si alloy is also D8 m phase, however, the primary phase is enclosed by A2 phase, not by the tP32 phase. This would be explained by the halo effect 46) as follows: during solidification of the primary D8 m phase, niobium atoms are rejected into the liquid phase and enriched enough to form A2 phase in front of the solid/liquid interface, and thereby, the peritectic reaction is skipped over the subsequent eutectic reaction. Although the solidification pathway in the ternary alloys with 10 at%Ti is similar to that in the binary alloys, 28, 45) the formation of A2/tP32 two-phase from liquid phase is not the invariant reaction in the ternary alloys. Therefore such fine A2/tP32 eutectic microstructures as seen in the binary alloys are not formed in the ternary alloys. The A2 phase grows in a dendritic morphology in the hypereutectic Nb-10Ti-20Si and Nb-10Ti-25Si alloys.
Since the high-temperature phase tP32 was frozen to room temperature during casting process, the alloys were annealed at 1673 K for 100 h to complete the decomposition of tP32 phase. The tP32 phase has decomposed into the A2/D8 l twophase after the annealing at 1673 K for 100 h, as shown in Fig. 5 . XRD analyses have confirmed that the primary D8 m phase completely transforms to D8 l phase after the annealing. One of the intriguing features of microstructures observed in the annealed alloys is that two distinctive types of A2/D8 l eutectoid microstructures are formed, taking on two different morphologies of tP32 phase as originally solidified in as-cast microstructures. Typical microstructures are observed, for instance, in the annealed Nb-20Si alloy. One is the A2/D8 l lamellar microstructure forming at the region where the tP32 phase solidifies as the peritectic products to enclose the primary D8 m phase. The other is the non-lamellar type eutectoid microstructure developing at the region tP32 phase solidifies as the matrix of the eutectic product. It is known that eutectoid nodules preferentially nucleate at the interfaces with the aid of excess energy and high atomic diffusivity. 47) Thereby many eutectoid nodules would nucleate at the A2/ Fig. 3 a) A proposed three-dimensional illustration, 28) and b) the vertical section at 25%Si of the Nb-Ti-Si ternary phase diagram.
tP32 boundaries within the eutectic cell. An unusual eutectic growth is often observed as non-lamellar type within the eutectic cells because diffusion fields of neighboring eutectoid nodules are superimposed and interact with each other when the neighboring A2/tP32 boundaries are very close. The formation of A2/D8 l lamellae is found to require a certain size of tP32 phase without any phase boundaries inside. In order to take advantage of the A2/D8 l lamellar microstructure formation by tP32 decomposition, it is desirable to make the microstructures of alloys tP32 single phase, or A2/tP32 two-phase without any fine eutectic products, prior to the eutectoid decomposition. Annealing in the tP32 single-phase field, or in the A2/tP32 two-phase region, decreases the volume fraction of D8 l phase by dissolving large and blocky grains of primary D8 l phase. In addition, the coarsening of microstructure reduces the amount of A2/tP32 interfaces. Hereafter this annealing procedure is denoted as 'solution-treatment'. Figure 6 shows the microstructures of alloys solution-treated and subsequently annealed at 1673 K for 100 h for the decomposition of tP32 phase. The fine eutectic microstructure observed in the binary as-cast alloys is thoroughly coarsened after the solution-treatment. The volume fraction of primary D8 l phase is obviously decreased in Nb-20Si and Nb-10Ti-20Si Solidification Process and Mechanical Behavior of the Nb/Nb 5 Si 3 Two Phase Alloys in the Nb-Ti-Si Systemalloys, while some D8 l grains still remain in alloys with 25 at%Si. The A2/D8 l lamellar microstructure is formed by the tP32 decomposition during the subsequent annealing. The non-lamellar type eutectoid microstructure seen in the binary annealed alloys is no longer present.
Microstructures of directionally solidified alloys
It is well known that the toughness of ductile-phasetoughened composites is strongly influenced by the morphology of ductile phase. Homogeneous dispersion of wellaligned columnar ductile phase would impart better toughness in the brittle matrix along a certain direction, compared with the random orientation dispersion of ductile phase. 41, 48) A formation of well-aligned eutectic lamellar microstructure would be realized by applying directional solidification technique to the eutectic alloys, while the arc-casting process provides only random configuration of the eutectic microstructure.
Our recent study has shown that the true A2/tP32 eutectic point in the Nb-Si binary system is closer to 17.5 at%Si rather than 18.7 at%Si. 49) Therefore in the present study, the Nb10Ti-17.5Si alloy was directionally solidified at the growth rates of 10 and 100 mm/h using an optical floating zone melting furnace. The longitudinal and transverse sections of microstructures are shown in Fig. 7 . The slower solidification rate is found to provide better alignment of microstructure, as well as coarsening of A2 grains. In general, as the growth rate increases, a plane front formed at the solid/liquid interface gradually becomes unstable and it gently changes to an undulatory front, which results in the formation of cellular or dendritic structure.
50) The present result implies that the perturbation of solidification front decreases with the growth rate. However, the A2 grains exhibit dendrite morphology in the Nb-10Ti-17.5Si alloy solidified at the rate of 10 mm/h. On the other hand, it has been shown that the coupled growth of A2/tP32 two-phase is established in the Nb-17.5Si binary eutectic alloy grown at the same rate of 10 mm/h. 50, 51) The reason for the poor alignment of microstructure in the ternary alloys, especially the dendritic growth of A2 phase, is explained by the freezing range in the monovariant solidification. The freezing range tends to yield a mushy zone where solid and liquid phases coexist in equilibrium, 52) which makes it more difficult to form a completely planar front at the solid/liquid interface.
The A2/D8 l lamellar microstructure is formed in directionally solidified alloys at the inter-dendrite regions during the subsequent annealing at 1673 K for 500 h, as shown in Fig. 8 . The size of lamellae colonies is qualitatively smaller in the alloy grown at 100 mm/h than at 10 mm/h since the original microstructure becomes finer as the growth rate is faster. Fig. 6 The microstructures of alloys solution treated at 2073 K for 24 hours for the binary alloys, and at 2023 K for 100 h for the ternary alloys, followed by the annealing at 1673 K for 100 h for the decomposition of tP32 phase. 
Mechanical properties
Fracture toughness of the present alloys is evaluated by the four point bending tests using chevron notched specimens. Measurements were conducted on selected alloys since sound specimens could not be prepared for some alloys due to microcracks formed during cooling after solidification or annealing. For the directionally solidified alloys, the chevron notch was introduced perpendicular to the growth direction. The results of fracture toughness measurements, K Q , are summarized in Table 1 . Fracture toughness of the arc-melted Nb-18.7Si alloy is lower than that of the Nb-25Si alloy in spite of its higher volume fraction of ductile A2 phase. The same tendency has been reported by Bewlay et al. 9) This fact at least implies that the A2 phase grains in the non-lamellar type eutectoid microstructure formed in the arc-melted binary alloy are not effective for improving room temperature toughness. It is found that toughness of the alloys is improved by the addition of Ti, as well as the solution treatment. Further improvement in toughness is achieved by applying directionally solidification. On comparison of the values of toughness for directionally solidified Nb-10Ti-17.5Si alloys before and after annealing, it is clear that the toughness is enhanced by the A2/D8 l lamellar microstructure formed by the eutectoid decomposition of tP32 phase.
One of the reasons for the toughness improvement by Ti addition is the coarsening of ductile A2 grains. It is known that a larger size of ductile phase provides better toughness in ductile phase toughened composites. 53) Addition of Ti results in the formation of coarse A2 dendrites in the arc-melted alloys, and also in the directionally solidified alloys. Another reason for the toughness improvement by Ti addition is the enhancement of dislocation mobility and plastic flow in the A2 phase. The Ti concentration dependence of Vickers hardness is shown in Fig. 9 for several alloys with various phase constitutions and their volume fractions depending on the Si content. The Ti addition leads to moderately increased hardness of the Nb-xTi (bcc-(Nb,Ti) solid solution) and NbxTi-37.5Si (D8 l single-phase) alloys. The addition of first 1 at% Si drastically increases the hardness of Nb-0Ti-1Si alloy in contrast with pure Nb alloy, third times higher value in Vickers hardness number. It indicates that the solution hardening effect by Si is quite large in A2 phase, nevertheless the second phase precipitates coexist in A2 matrix. It is noteworthy that the hardness of Nb-xTi-1Si alloys decreases with Ti contents showing the minimum peak at around 5 at% Ti. The same tendency of solution softening is found in the Nb-xTi-4Si alloys. Note that the EPMA has revealed that the solubility limit of Si in A2 phase is not changed by the addition of Ti within this range, which assures that the volume fraction of D8 l phase in A2 matrix is constant in NbxTi-1Si and Nb-xTi-4Si alloys. Moreover, the same propensity of solution softening is observed in the Nb-xTi-20Si and Nb-xTi-25Si alloys, of which hardness numbers are roughly described by the rule of mixture between the hardness of NbxTi-1Si and Nb-xTi-37.5Si alloys. Therefore the decrease in hardness with the Ti addition is assumed to be the softening of ternary A2 phase. Chan et al. showed that the Peierls Nabarro (P-N) barrier energy for {110} edge dislocation in the A2 phase of Nb-Cr-Ti alloys decreases with increasing Ti addition. 38, 54) Farkas have pointed out that the Ti addition promotes dislocation emissions from the crack tip in the B2 phase of Nb-Ti-Al system. 55) Enhancement of dislocation mobility and plastic flow by the Ti addition could be expected in A2 phase of the present alloys, which leads to improved toughness of the alloys.
The temperature dependence of 0.2% compressive flow stress for the present alloys is summarized in Fig. 10 . The present alloys show excellent compressive strength higher alloys directionally solidified at a) 10 mm/h, and b) 100 mm/h, and subsequently annealed at 1673 K for 500 h. than the third generation single crystal Ni-base superalloy, 56) Nb-1.5Si 10) alloy and Nb-10Si 13) alloy at high temperatures over 1273 K. The ternary alloys show lower compressive strength than the binary alloys because the flow stress of A2 phase is lowered by the Ti addition, as indicated in the hardness measurements. The elevated temperature strength of the directionally solidified Nb-10Ti-17.5Si alloy is higher, at 1673 K, than that of the arc-melted Nb-10Ti-18.7Si and Nb-10Ti-20Si ternary alloys due to its aligned microstructure, but it is lower than that of the arc-melted binary alloys, and Nb-10Ti-25Si ternary alloy. The Nb-1.5Si and Nb-10Si alloys, of which microstructures are characterized by hard D8 l particles embedded in A2 matrix, show comparable strength at over 1673 K. It implies that microstructures with continuous A2 matrix are not advantageous to high temperature strength in this alloy system. The microstructures of the present alloys are characterized by coarse A2 phase grains dispersed in A2/D8 l lamellae colonies, which at least provides better static compressive strength at high temperatures. It has been suggested that the viscous slip operates at the lamellar colony boundaries at 1673 K, 40) and therefore, high temperature strength should be evaluated by creep tests in the future work. Directional solidification, which provides aligned microstructures with less boundaries, is believed to be a promising technique to pursue a good balance of room temperature toughness and high temperature strength in this alloy system.
Conclusions
To design a new class of heat resistant alloy based on niobium silicide, phase equilibria and microstructures were investigated for the two-phase A2/D8 l alloys in the Nb-Si binary and Nb-Ti-Si ternary systems. Special interest was placed on the lamellar microstructure control through the eutectoid decomposition of tP32 phase. Phase equilibria involving major reactions were experimentally confirmed with the microstructure formation for the related phases, A2, tP32 and D8 l in the Nb-Si binary and Nb-Ti-Si ternary systems. The solution treatment facilitates the formation of A2/D8 l lamellar microstructure which enhances the toughness of the alloys. Titanium addition leads to improved toughness because of the coarsening A2 phase grains, and the enhancement of plastic flow in A2 phase. Directional solidification yields better toughness and high temperature strength, indicating that this technique is promising to overcome a trade-off between toughness and strength in this alloy system.
